Functional Reentry and Spiral Waves
It is still uncertain whether multiple randomly wandering electrical wavelets, 4 a single stationary rotor 5 or multiple spiral-wave breakups maintain cardiac fibrillation in humans. 6, 7 However, it is now definite that wavebreak leading to wavelet formation is the hallmark of any proposed mechanism for the maintenance of fibrillation, whether in the atria (AF) or ventricles (VF) of the mammalian heart.
Theoretical and experimental studies that begun to appear in the relevant literature more than 60 years ago have established that the heart can sustain electrical activity that rotates about a functional obstacle. [8] [9] [10] [11] [12] In this regard, the experimental work of Allessie and collaborators in the 1970s, which gave birth to the so-called "leading circle" concept, was an essential initial step toward our current understanding of the phenomenon of functional reentry in cardiac tissue -that is, reentry without the involvement of an anatomical obstacle. 10, 13, 14 At about the same time, work conducted by Soviet scientists using the BelousovZhabotinski reaction and its numerical counterparts led to the idea that 2-dimensional (2-D) spiral autowaves could be a possible mechanism of cardiac arrhythmias. 15 Subsequently, the notion of spiral autowaves was brilliantly expanded into the third dimension by the late Arthur T. Winfree, who in fact coined the term "rotor" to signify the actual vortex that generates the spiral (scroll) wave activity, and led to the virtual abandonment of the use of the term "leading circle". 9, 16 Thereafter, much work has focused on rotors as the underlying mechanism of ventricular tachycardia (VT) and VF. be due to the activity of a reentrant electrical source -that is, a rotor of characteristic size and angular velocity from which spiral waves radiate at a high frequency. 9, 17 The basic components of the rotor are a curved wave front, a curved wave tail and a core around which the wave front and tail rotate. The rotor may drift and travel along complex paths or may be completely stationary with spiral waves emanating from it and propagating through the ventricles. 3, 18 The waves may undergo a variety of behaviors -for example, they may be highly stable and spiral periodically around their generating rotor to activate the ventricles at extremely high frequencies, or they may undergo breakup in the rotor's periphery and result in fibrillatory conduction, the net result being complex spatial and temporal patterns of ventricular activation. 19 In other words, the behavior of the rotor, and that of the waves generated by it, may be reflected on ECG as monomorphic or polymorphic VTs, 20 or even VF. 21 Over the past 2 decades, several groups have focused on the instability and breakup of rotors. 6, 7, 22 For example, substantial work has accumulated suggesting that "turbulence" in VF is associated with the breakup of one or more spiral waves when oscillations of the action potential (AP) duration (APD alternans) are of sufficiently large amplitude to cause a conduction block along the wave front. [22] [23] [24] [25] [26] [27] This idea builds upon work showing that the slope of the APD restitution relation determines certain dynamic behavior that may be conducive to the development of period-doubling bifurcation. 28 In particular, if the slope of the APD restitution curve (RC), in which the duration of the AP is plotted against the preceding diastolic interval, is >1, then APD alternans is possible. 24 The initiation of APD alternans has been proposed to be the first step in period-doubling sequences that culminate in complex behavior. 25, 27 However, experimental findings suggested that stable behavior can be observed when the RC is very steep and that a shallow S1-S2 curve does not prevent the occurrence of alternans. 29, 30 In addition, a concept known as rate-dependent restitution indicates that the RC depends on the manner in which it is measured. 31 Nevertheless, the restitution hypothesis has been used as a framework for inferring the ionic basis of fibrillation. 25 Another mechanism for rotor breakup suggests that the intramural rotation of the fibers in the ventricular wall known as "3-D anisotropy" leads to instability, twisting and possible breakup of the filament (the 3-D core), resulting in the further generation of more filaments following repeated collisions with boundaries in the heart. 7 During VF, there may be a wide spectrum of rotor behaviors. 21, [32] [33] [34] [35] [36] Under appropriate conditions, even in the structurally normal heart of small animals, rotors may be long lasting and result in a high degree of spatial and temporal organization. 32 Consequently, a question may be raised as to whether the same applies to the ventricles of larger animals such as dogs, pigs and, of course, humans. Recent studies, suggest that even in large hearts, such as that of the pig, the dynamics of wave propagation during VF are not as complex as might occur if the mechanism were spiral breakup, or as random as would be expected from the multiple wavelet hypothesis. [37] [38] [39] [40] In fact, Rogers et al were unable to rule out the possibility that mother rotors located in unmapped regions in their swine heart experiments maintained the fibrillatory activity. 37 Additionally, a study has proposed that the mother rotor and the multiple wavelets are both mechanisms of VF in the human heart. 41 Yet another study, in which the epicardium of the human left ventricle (LV) was mapped concluded that there is significant organization in human VF. 42 The results described in the previous paragraph are consistent with data of Thomas et al, who investigated the way in which activation is organized during VF induced in the presence of an old anterior left ventricular wall infarct. 43 Using 20 needles carrying multiple monopolar electrodes to record the transmural activity of the LV of the sheep heart, Thomas et al demonstrated that the regions with the highest activation frequency displayed less variable cycle lengths and were generally hidden within the ventricular myocardium. In some experiments, they were able to reveal regions deep in the myocardium whose activity was stable and extremely rapid but highly regular. In other words, while the characteristics of VF in the epicardium were constantly changing in space and time, the activity within the myocardium had a higher frequency and was also highly periodic and organized. 43 Such findings are clearly compatible with the hypothesis that in that particular experimental model, fibrillatory activity is maintained by a small number (1 or 2) of 3-D rotors.
Vortex Shedding and the Initiation of Rotors
A question that often arises is how it is that the interaction of a wavefront with a functional or anatomical obstacle in its path can lead to the spontaneous initiation of rotors. The question is easily answerable by visualizing what happens when other physical types of waves, perhaps water waves, interact with obstacles in their path: whirpools (vortices) form and turbulence subsequently ensues. As shown in Fig 1, in cardiac tissue , "vortex shedding" may Vortex Shedding. The impulse originates in the lower right corner at the stimulus and the wavefront (red) propagates parallel with the unexcitable obstacle (yellow.) As the wavefront curls around the tip of the obstacle it develops a pronounced curvature. Under normal conditions of excitability, the wave circumnavigates around the lesion, but when excitability is reduced, the wavefront curvature produces sink-to-source mismatch and the wavefront detaches from the tip of the lesion initiating reentrant activity or it drifts off into the corner and terminates. occur at the edge of an unexcitable obstacle (yellow line) only if certain conditions are met to establish a critical curvature at the wavefront tip, preventing successful propagation at the pivot point. [44] [45] [46] Instead of circumnavigating around the obstacle without detaching from it as would be the case for normal excitability (Top right), the wavefront will be laterally unstable and therefore either: (1) detach from the obstacle (Bottom right), and begin to curl and rotate to form a rotor; or (2) detach, propagate and collide with a border to be annihilated. 45 
Fibrillatory Conduction
Studies using hearts from many mammalian species, such as mice, 47 guinea pigs, 32 rabbits, 34, 48 pigs, 30, 35 sheep 49 and even humans, have shown a high degree of spatial and temporal organization during VF. 41, 42 Spatiotemporal organization is the direct result of the periodic activity of fast rotors acting as sources that drive the overall ventricular activation. The rapidly generated spiral wavefronts emanating from these sources propagate through the myocardial mass and interact with functional and/or anatomical obstacles, leading to turbulent activity, with the occurrence of wave fragmentation and the formation of daughter wavelets. This is illustrated in Fig 2. The newly formed wavelets may undergo:
(1) formation of new sustained rotors by means of a wavebreak that occurs secondary to the interaction of the wavefront with the obstacle; (2) collision with another wavelet or with an unexcitable boundary resulting in either annihilation or formation of new rotors; or (3) decremental conduction. Thus, the ultimate consequence of high-frequency rotor formation and stabilization is the phenomenon of fibrillatory conduction -that is, the frequency-dependent fragmentation of wave fronts that occurs as a result of the spatial and temporal heterogeneities in the excitability and recovery properties of the ventricular myocardium. 30, 35 The importance of fibrillatory conduction to VF was first demonstrated in a study where the spectral properties of optical signals generated by a fluorescent potentiometric dye were analyzed in coronary perfused sheep ventricular slabs. 35 Similar results were obtained in the ventricles of the isolated Langendorff-perfused guinea pig hearts (Fig 3) in which a stationary high frequency "mother rotor" in the LV resulted in fibrillatory conduction toward the RV, in a pattern that was indistinguishable from VF. 32 The evidence thus suggested that fibrillatory conduction could be the underlying mechanism of the complex ECG waveform that characterizes VF. It was found that the frequencies of the optical signals were constant over relatively wide regions termed "domains". Consequently, it was concluded that VF can result from sustained high-frequency rotors, and when the waves emanating from the rotors fragment due to interaction with heterogeneities present in the cardiac tissue, the highly complex pattern of activation ensues. 35 
Sink to Source Mismatch
The success or failure of impulse propagation depends on the balance between the depolarizing source and the repolarized sink ahead of it. For an impulse to propagate successfully, the area of depolarized cells must be large enough to overcome the downstream repolarizing sink. [50] [51] [52] [53] [54] [55] [56] [57] [58] Sink-to-source mismatch is a consequence of the fact that successful excitation and propagation require a liminal length -that is, a minimum number of cells that must be excited above a threshold to initiate a propagated response. [58] [59] [60] [61] Sink-to-source mismatch has been shown to affect conduction at sites of discontinuity in structurally normal cardiac tissue, 50, 51, 62 the sinoatrial node, 63 the atrioventricular node, and the Purkinje-muscle junction. 64, 65 For instance, a wavefront entering a region of sharp expansion 51, 57, 66 or circumnavigating around an unexcitable barrier, can potentially face sink-to-source mismatch, leading to wavebreak, with the consequent initiation of reentry and fibrillatory conduction. 67 Therefore, the level of excitability is a critical factor that shapes the dynamics of normal impulse propagation, as well as reentry. However, rigorous understanding of the manner in which the interplay between cardiac excitability and its frequency dependence establishes the substrate for sink-to-source mismatch, wavebreak and the initiation and maintenance of reentry and VF requires a detailed knowledge at the molecular level, particularly in regard to the roles played by the various sarcolemmal channels that control the excitation-recovery process. While such knowledge remains incomplete, some insight has begun to accumulate over the past several years. For example, recent studies have provided strong evidence in support of the idea that by directly controlling excitability and conduction velocity (CV), the interplay between the fast inward sodium current (INa) and the outward component of the strong inward rectifier potassium current (IK1) control both the stability and frequency of rotors. 68 In the following sections, we briefly discuss what is known today about the roles of individual inward (Na + , Ca 2+ ) and outward (K + ) transmembrane ionic currents in the initiation, maintenance and stability of rotors and VF.
Depolarizing Currents and Cardiac Excitation
Inward depolarizing currents (INa and ICa) are essential for the generation of cardiac excitation and impulse propagation. 51 Here we focus on experimental and computational findings that expose the consequences of altering INa and ICa on the initiation, maintenance and dynamics of rotors.
The Sodium Current (INa) INa is a large and very rapidly activating and inactivating transmembrane inward current. It is responsible for the initial upstroke of the AP. Sodium channels are heteromultimeric membrane-spanning proteins made of a single large (~260 kDa) pore-forming region, which is composed of the subunit (Nav1.5), complexed with 1 or 2 smaller accessory‚ subunits. 69 Decreasing INa by pharmacological means, or by inherited loss-of-function disorders of the sodium channel, results in increased likelihood of the initiation of reentry and VF. 70, 71 During reentry, the wavefront adopts a spiral shape with increasing curvature toward the center of rotation (the core), reaching a critical curvature value at the perimeter of the core. As a result, a mismatch is established between the depolarizing current (mainly INa) supplied by the wavefront and the electrotonic current required to depolarize and excite resting cells inside the core. 18, 72 The current withdrawn by the core forces the CV and the APD to decrease progressively toward it. It also helps to maintain the stability of the rotation. For example, if the current withdrawn is sufficiently large, the INa that maintains the wavefront will never be able to invade the unexcited, yet excitable core, and the rotor will be stable and stationary. 72 If, in contrast, the wavefront is able to invade the core somewhat, the rotor will drift or meander. Finally, the fact that both CV and APD become larger at increased distances from the core is a clear indication of the substantial amount of electrotonic currents that are continually generated between the unexcited core and its periodically excited neighbors during sustained reentry. 72 Hence, by controlling the amount of excitatory current, as well as the CV and the APD, the dynamic interplay between INa and the electrotonic currents generated at the site of the sink-to-source mismatch helps to control both the formation of the core and the stability of the rotor.
Reducing the excitability via decreased INa leads to a reduction in the AP amplitude, as well as the frequency of successful AP capture. 73 In addition, the APD, CV and wavelength (WL) are also reduced. [73] [74] [75] We have previously shown in 2-D slices of ventricular muscle that pharmacological blockade of INa leads to sink-to-source mismatch and a slowing of impulse propagation. 57, 67 At extreme levels of mismatch, particularly when excitability or the size of the source is reduced, the source is unable to depolarize the downstream sink to threshold, resulting in conduction block. 51, 57, 58 In addition, numerical studies have shown that a reduction in INa reduces excitability and prolongs the vulnerable window for unidirectional conduction block, therefore increasing the propensity for wavebreak and arrhythmogenesis. 67, 76 In the presence of reduced excitability by partial INa blockade or high frequencies of stimulation, sharp, unexcitable anatomical obstacles may destabilize electrical impulse propagation, resulting in wavebreak and the formation of self-sustained reentry. 67, 77 In isolated rabbit hearts, TTX perfusion enlarges the core size, causing an increase in the rotation period, as well as slowing down of the arrhythmia. These changes clearly are due to a reduction in excitability, which then reduces the critical curvature for successful impulse propagation. 67, 75, 78, 79 A small critical curvature translates into a large pathlength, and a slowly rotating spiral wave around a large core. Consistent with this theory, numerical simulations have shown that increased INa results in a larger critical radius of curvature, a smaller reentrant core and a faster rate of reentry. 72 It has been proposed that upon INa blockade there is an increase in the pathlength and a decrease in the WL. Consequently, less wavefront -wavetail interactions will occur, leading to stabilization of reentry. [72] [73] [74] [75] 79 Similar results were later demonstrated in a dog model perfused with procainamide. 80 However, the authors attributed the increased stability and decreased fragmentation of wavefronts to flattening of the APD RC upon drug perfusion. 80 Despite the rotor stabilization exerted by the INa blockade, increased tip meandering often ensues, causing the rotors to hit obstacles and terminate. 73 Second, the complexity of the arrhythmia may be reduced upon INa blockade due to a decrease in the number of wavebreaks. Therefore, in theory, a reduction of INa could provide clinical benefits in terminating fibrillation. However, clinical experience, particularly the CAST trial (CAST Investigators 1989), has proven otherwise.
The above discussion leads naturally to the theoretical prediction that manipulations leading to INa increase in ventricular cells should reduce the likelihood of rotor formation and/or stabilization. Recent preliminary findings from our laboratory in neonatal rat ventricular myocyte monolayers support this view. 81 They suggest that an increase in INa density, through viral expression of the human subunit of the cardiac sodium channel, reduces the incidence of wavefront detachment from a sharp unexcitable obstacle and thereby the formation of reentrant activity. Whether INa increase should prove to be an effective antiarrhythmic strategy remains to be determined. Clinical experience with certain inherited forms of the Long QT Syndrome, in which gain of function mutations in INa result in arrhythmias and SCD as a result of a persistent residual inward current during the AP plateau, suggests that such a strategy should be pursued with the utmost caution.
The L-Type Calcium Current (ICa) Calcium ions flow mainly through the sarcolemmal L-type Ca channels (ICa-L), as well as the Na-Ca-exchanger (NCX) when the membrane voltage is depolarized during the AP. The duration and morphology of the AP is highly dependent upon the transmembrane influx of Ca 2+ ions. In addition, local elevation of intracellular Ca 2+ ([Ca]i) increases the open probability of the ryanodine receptor channel causing release of Ca 2+ from the sarcoplasmic reticulum (SR) stores. This phenomenon is known as calcium-induced-calcium release (CICR). 82 Ca 2+ removal from the cytoplasm is predominantly due to the reuptake of Ca 2+ through the SR Ca-ATPase pump and the NCX.
ICa-L is necessary for sustained propagation, particularly during very slow conduction velocities. 51, 83 Slow conduction exists in regions of large wavefront curvature, such as at the core of a spiral wave. Verapamil-induced reduction in ICa-L potentiates conduction blocks at the tip of the rotor, thus serving to increase the core size. 84 The blockade of ICa-L also produces a significant shortening of the APD. 85 In Langendorff-perfused rabbit hearts, perfusion of verapamil increased the reentrant core size (>2-fold), slowed the frequency of arrhythmia and converted it from disorganized VF into more organized VT. 84 This was not due to any effect of verapamil on CV. These results were confirmed in computer simulations, where upon reduction of the slow inward calcium current, the APD shortened, the frequency of reentry decreased and the core size increased, resulting in slower rotors. All of these factors served to facilitate 1:1 conduction and reduce fibrillatory conduction. Similar results were also observed in Langendorff-perfused rabbit hearts in which ICa was blocked by nifedipine. 86 Conflicting results were obtained where the administration of verapamil to Langendorff-perfused rabbit hearts increased the frequency of VF. 87 As previously suggested, differences may be attributed to a significantly lower drug concentration. 88 Additionally, several groups have also suggested that the slope of the AP restitution slope flattens upon ICa-L blockade. 89, 90 It is proposed that this flattening explains the reduced incidence of wavefront fragmentation and the subsequent increased spatiotemporal organization of the arrhythmia. 89, 90 It was observed that upon ICa blockade with methoxyverapamil (D600), the APD and conduction time restitution slopes became shallower, and VF converted to VT. 89 Higher doses of D600 depressed the fast INa, in addition to ICa, and subsequent transition from VT to slow VF ensued. In this case, the slope of the conduction time/RC steepened. Similar results were seen upon administration of TTX to hearts in VT. Therefore, these studies suggest that VF could be associated with a steep APD or conduction time restitution slope and VF conversion to VT could take place if both the APD and conduction time restitution slopes are flattened.
Voltage-Calcium Coupling
There is a bidirectional coupling between membrane voltage (Vm) and intracellular calcium transients (Cai). Changes in Vm alter Cai cycling, and Cai cycling influences other ion channels and the AP morphology, ultimately affecting the safety of wave propagation. At high excitation frequencies, systolic and diastolic [Ca]i often increase, which increases the SR [Ca]. [91] [92] [93] [94] In instances of SR or intracellular calcium overload, such as upon administration of digitalis or at high frequencies of stimulation, there is an increased propensity for spontaneous (non-voltage dependent) calcium release, which can cause delayed after-depolarizations (DAD). 82,95-100 The DAD's may trigger abnormal electrical activity, which propagates and ultimately induces wavebreak leading to VF. [100] [101] [102] [103] Therefore, as shown by numerous studies, suppression of Cai oscillations (via ICaL blockers, ryanodine, caffeine or EGTA) prevents APD alternans and spontaneous DADs, which is thought to reduce VF vulnerability. 91, 94, [104] [105] [106] Recently significant attention has been placed on the role of Cai dynamics in VT and VF. 94, 96, 97 In dual recording studies, Omichi et al showed that Cai waves usually bore no relationship to membrane depolarization waves during VF, whereas Vm and Cai transients tracked each other closely during pacing and VT. 96 However, other studies have suggested that in contrast to the role of Cai in the initiation of reentry and ischemia related arrhythmias, Cai transients are not necessary for the maintenance of VF. 95, [105] [106] [107] [108] [109] [110] In this regard, Lakkireddy et al concluded that spontaneous calcium oscillations may trigger an after-depolarization, initiating wavebreak and likely fibrillation, but these effects are purely local. 95 An excellent review of the role of intracellular calcium in the initiation and maintenance of arrhythmias can be found in Boyden and Keurs. 111 The process of CICR is a tightly regulated process, and abnormal calcium cycling potentiates spontaneous Cai transients, enhanced automaticity and an increased incidence of the wavebreak and the initiation of VF.
Potassium Channels and Cardiac Excitation
In the heart, potassium currents are diverse in that their individual properties depend not only on the membrane potential and their dissimilar activation and recovery kinetics, but also on the activation frequency. Diffusion of potassium through IK1 maintains the resting membrane potential in all cardiac cells. In most mammals, upon AP depolarization (phase 0), the transient outward current (Ito), is rapidly activated to mediate the initial phase of repolarization (phase 1) followed by rapid inactivation. The more slowly activating delayed rectifier currents (IKs and IKr) contribute to the slow repolarization that characterizes the AP plateau (phase 2). During the terminal phase of repolarization (phase 3), IK1 again predominates, rapidly restoring the membrane potential to resting values (phase 4). During tachyarrhythmias, probably all 3 major currents involved in cardiac repolarization participate to various degrees in helping to establish the dynamics of cardiac excitation and propagation.
The Inwardly Rectifying Potassium Current (IK1) IK1 flows through membrane channels formed by members of the strong inward rectifier (Kir2.x) sub-family of proteins. Inward rectifier potassium channels are part of a large family of membrane spanning proteins that have a conserved GYG sequence. Each protein spans the membrane twice, with both N and C termini being intracellular. [112] [113] [114] Four homomeric or heteromeric subunits may form a channel. 115, 116 These channels are termed inward rectifiers because their permeability to potassium is greater in the inward than in the outward directions. Rectification is due to a voltage-dependent blockade of the channel by penetration of positively charged molecules such as polyamines (PA) and Mg 2+ from the intracellular space into the pore. 114, 117, 118 Spermine and spermidine are the most potent PA blockers of IK1. 119 At voltages positive to the resting membrane potential, PAs and Mg 2+ are drawn to the pore. They block it, reducing the outflow of potassium ions and resulting in a smaller outward current relative to the inward component. 114, 120 In the heart, the strong inward rectifier channels are formed by tetramers of Kir2.x proteins. Of the Kir2.x subfamily members, the Kir2.1 subunit is a key carrier of IK1 in the ventricles. 114, 116 The highly nonlinear current/voltage relationship of IK1 allows it to act as a stabilizer of the resting membrane potential. 114 The role of IK1 is also apparent during depolarization and the late phase of repolarization of the AP. Increasing the density of IK1 causes APD abbreviation. Decreasing its density has the reciprocal effect. 114 The role of IK1 in rotor behavior has been investigated in both computer simulations and experiments. In the guinea pig heart, VF is manifested by a stable high-frequency rotor that is sustained and anchored in the LV. 32 This causes the frequency of activation of the LV (26 Hz) to be higher than the right ventricle (RV, 15 Hz). The anchoring of the rotor in the LV and the subsequent regional difference in frequency between the LV and RV have been attributed to differences in IK1 density between the 2 chambers. 32 Incorporation of the characteristics demonstrated for IK1 in the LV and RV into a computer-based ionic model of the cardiac ventricular myocytes reproduced a stable rotor with a rotation frequency of 35 Hz in the region with larger IK1. 32 Fibrillatory conduction characterized the region of the model with right ventricular IK1. Further experimentation explored the effect of IK1 blockade on the dynamics of VF in this model. Ba 2+ was used at relatively low concentrations (1-50 mol/L) to block IK1 selectively in the isolated, Langendorff-perfused guinea pig heart. 121 The major finding was that Ba 2+ perfusion resulted in a dose-dependent decrease in the frequency of reentry. At 50 mol/L, Ba 2+ perfusion terminated VF. 121 It was shown as well that Ba 2+ caused a proportional decrease in the density of IK1 in isolated myocytes. Those experiments indicated that IK1 affected the stability and longevity of reentry.
A more recent study provided the first demonstration at the molecular level of the role played by IK1 in the control of the stability and frequency of rotors and VF. 68 Cardiacspecific upregulation of IK1 in a transgenic mouse heart accelerated the final phase of AP repolarization, which significantly shortened the APD and the QT interval. 122 During reentry, this translates into a shorter WL and relative membrane hyperpolarization, both of which contribute to greater Na channel availability during the excitable gap and thus to increased excitability ahead of the rotating wavefront. In addition, IK1 overexpression augments the voltage gradient established between resting cells in the core and the active cells in its immediate surroundings. These effects help to enhance the electrotonic currents that flow continuously between resting and active cells, which further contributes not only to hastening the repolarization of the active cells but also to reducing the propagation velocity very near the core. 68, 123 The end result is a steeper rise in the local CV as a function of the distance from the core and a faster, more stable rotor in transgenic, compared to the wild-type hearts. Further, during reentry in the IK1 overexpressing hearts, the unexcited cells at the very center of the core provide a larger than normal outward conductance, which decreases the likelihood of being excited by the depolarizing influence of their immediate, actively depolarized neighbors (sink-tosource mismatch), helping to reduce core size and meandering and to stabilize the rotor.
Taken together, experimental data in isolated guinea pig and transgenic mouse hearts, as well as computer simulations, strongly indicate that Ik1 is a reentry stabilizer because of its ability to shorten APD and reduce CV near the center of rotation. 18, 32, 68, 123 Increased IK1 should prevent wavefront -wavetail interactions and thus prevent rotor destabilization and breakup. 18, 32, 123 In this regard, Ik1 is an important current during functional reentry because it mediates the electrotonic interactions between the unexcited core and its immediate surroundings. 18, 68, 123 As such, the interplay between IK1 and INa is a major factor in the control of cardiac excitability and therefore the stability and frequency of reentry. 68 The Delayed Rectifier Current (IK) The delayed rectifier current (IK) is an important repolarizing current in the heart. In the ventricles, IK has 2 components, one fast (IKr) and the other slow (IKs), thus called because of their particular activation kinetics, although it is now becoming clear that their deactivation kinetics show considerable speciesdependent variation. 124 The co-assembly of the pore forming subunit KvLQT1 (KCNQ1) and the regulatory subunit, minK (KCNE1), forms IKs. 125 Whether HERG is associated with minK and/or minK-related protein (MiRP1) to form IKr, remains unresolved. 126 The densities of IKr and IKs vary from endocardium to epicardium and from apex to base, which may be important in the establishment of the spatial heterogeneity of ventricular repolarization. In guinea pigs hearts, IKr and IKs are smaller in endocardial cells than in epicardial or M cells. 127 In cats and guinea pig hearts, IK is larger in the epicardium. 128, 129 Drug-induced IKr dysfunction alters repolarization and causes potentially life-threatening arrhythmias. 130 Gain-of-function mutations in HERG (IKr) and KvLQT1 (IKs) are linked to the familial short QT syndromes (SQTS), SQTS1 and SQTS2, respectively. 131, 132 Animal studies have shown that there is significant functional interaction between IKr and IKs. In humans, although IKr is an important repolarizing current, the role of IKs remains controversial. One study reported that, in humans, the LV expresses IKr with fast activation and slow deactivation but shows no evidence of IKs expression, 133 but others have found evidence for IKs in human ventricular myocytes. 134 Numerous studies have reported that IKr and IKs antagonists modify vulnerability to tachyarrhythmias and alter their dynamics. 130, 135, 136 Although IKs activates slowly, because of its slow deactivation kinetics, it tends to accumulate at high activation frequencies, which may have important consequences in VT/VF. In addition, the slow deactivation kinetics of the IKr + IKs combination (ie, IK) has been shown to be involved in the mechanism of post-repolarization refractoriness. 137, 138 Therefore, it may well be that inherent spatial heterogeneities in the distribution and slow gating kinetics of both IKr and IKs are causally related to the intermittent formation of wavebreaks that characterizes VF. This hypothesis, however, has not been tested one way or another.
Although Class III antiarrhythmic drugs such as d-sotalol are relatively specific blockers of IKr, their action is most pronounced at slow rates of activation ("reverse use dependence"). 130 Administration of d-sotalol to isolated Langendorff-perfused rabbit hearts decreased the dominant frequency (DF) slightly but significantly and seemed to reduce the complexity of VF. 136 A different study using dofetilide in the isolated feline heart reported a large decrease of VF frequency and an increase in the organization. 139 The drug-terminated VF and tachyarrhythmias were not inducible in the dofetilide treated hearts. In yet another study, somewhat conflicting results were obtained. 140 Nifekalant, a relatively selective IKr blocker, prolonged the cycle length of the observed rotor in a 2-D rabbit heart model and caused its meandering. 140 Nifekalant also induced a small but significant increase in the complexity of the arrhythmia where increased incidence of newly formed rotors was observed. 140 This is synonymous with an increase in fibrillatory conduction. The different results obtained in these studies could be attributed to disparities in drug interactions with the targeted ion channel and/or the possible interaction of these drugs with other ion channels.
The above mentioned problem of drug specificity affects most Class III antiarrhythmic drugs, which makes it challenging to understand the role of IK in VF. This is where computer simulations become an important tool in guiding experimental investigations and helping to interpret experimental results. Using a canine ventricular AP model, Fox et al investigated the effects of IKr and IKs on electrical alternans, which have been associated with the occurrence of VF. 25 It was found that IKr and IKs play a minor role in the generation of alternans. 25 Additionally, computer simulations in 2-D sheets examined the effect of IK blockade on reentry. 18 During functional reentry, uniform IK reduction increased APD in the periphery but not close to the center of rotation. 18, 123 This is not surprising, if one considers the slow activation kinetics of both IKs and IKr. Close to the core, repolarization occurs prematurely due to the electrotonic influence that the core exerts on its surroundings, which mediates the repolarization of the membrane potential before IK has enough time to activate. Consequently, changing IK did not affect the APD near the core. 18 However, in the periphery, outside of the domain of the core's electrotonic influence, IK blockade made the APD larger than the rotation period of the rotor and resulted in fibrillatory conduction. 18 The Transient Outward Current (Ito) There are at least 2 distinct 4-aminopyridine (4-AP)-sensitive transient outward K + currents: Ito,fast (Ito,f) and Ito,slow (Ito,s). These currents are differentially distributed in the cardiac chambers. [141] [142] [143] Ito,f has been characterized in a number of species, including mice and rats, 144 as well as guinea pigs. 145 Activation, inactivation and recovery from steady-state inactivation of Ito,f are all rapid in different cardiac cell types and species. Considerable experimental support exists for the hypothesis that the molecular correlates of functional Ito,f channels in different cell types and/or species are also the same, 146 although there is evidence for subtle differences among cell types. 147, 148 Ito is larger in the epicardium than the endocardium for cats, dogs, rabbits and humans. [149] [150] [151] [152] At the molecular level, the principal subunits thought to encode Ito include Kv1.4 (Ito,s), Kv4.2 (Ito,f) and Kv4.3 (Ito,f) . 146 Yet, little is known about what role Ito plays in the maintenance of VF. Ito has been shown to be important in the mechanism of Wenckebach rhythms in the rabbit heart. 153 Therefore, it seems reasonable to speculate that in addition to IKs (see above), Ito might be a potential player during fibrillatory conduction. Recall that, during fibrillation, there is a spatial hierarchy of DF domains. The highest DF domain defines the extension of 1:1 activation by the VF source, but a number of adjacent, discrete domains may also appear whose DF of excitation is often 1:2, 3:4 or 4:5 etc with respect to the highest DF domain. 32, 35, 121 This could be the result of a spatially distributed intermittent Wenckebach-like conduction failure at the boundaries between domains, where spatial heterogeneities in deactivation kinetics of either IK or Ito, or both, might prevail and set the stage for rate-dependent intermittency. Proof or disproof of such a conjecture, however, will require detailed investigation using the appropriate experimental and/or numerical models in which both the ion channel density and kinetics can be systematically manipulated.
At the level of arrhythmia initiation, Ito has been implicated in the so-called phase 2 reentry. 154, 155 It was shown that the greater density of Ito in the canine epicardium compared to the mid myocardium and endocardium, can set the stage for phase 2 reentry, under conditions of drug-mediated blockade of INa or ICa, or in genetic diseases like Brugada syndrome. 154, 155 In such settings, a small reduction in the inward currents that are active during the plateau of the AP, may tip the delicate balance between inward and outward currents toward a preferential Ito-mediated premature repolarization of the epicardial AP. Mid myocardial and endocardial cells being not completely repolarized, tend to depolarise the epicardium, which had just repolarised, creating phase 2 reentry. In canine right-ventricular wedge preparations, blockade of Ito with 4-AP abolished phase 2 reentry. 155 
Conclusions
In this brief review, we have argued in favor of a rigorous understanding of the manner in which the dynamic interplay between inward and outward transmembrane currents helps to establish the substrate for sink-to-source mismatch, wavebreak and the initiation and maintenance of reentry and VF. While regrettably such an understanding remains fragmentary, some insight into the roles played by some of the sarcolemmal channels that control the excitation -recovery process has begun to accumulate. The evidence in support of the idea that, by determining cardiac excitability, the interplay between INa and IK1 controls not only the ultimate formation of rotors but also their stability and rotation frequency is strong. Good evidence also exists for an involvement of ICa-L in the control of rotor frequency and in determining VF to VT conversion. Less clear, however, is whether time-dependent outward currents through voltage-gated potassium channels, including Ito and IKs affect the fibrillatory process. Possibly, because of their very slow kinetics of deactivation during repolarization and also during the diastolic interval, these ionic currents set the stage for the complex interactions that are established between the spiral waves generated at an exceedingly high frequency by a rotor and the heterogeneous cardiac tissue ahead of the wavefront. Perhaps, they set the stage for the development of frequency-dependent intermittent block processes that lead to wavebreak and fibrillatory conduction. Undoubtedly, the time is ripe to take advantage of the highly sophisticated structural, molecular, cellular, computational and imaging techniques available today, and use them in concert to advance knowledge on the molecular mechanisms of such beautiful but deadly phenomena.
